Abstract -In this paper two complexity efficient soft sphere-decoder modifications are proposed for computing the max-log LLR values in iterative MIMO systems, which avoid the costly, typically needed, full enumeration and sorting (FES) procedure during the tree traversal without compromising the max-log performance. It is shown that despite the resulting increase in the number of expanded nodes, they can be more computationally efficient than the typical soft sphere decoders by avoiding the unnecessary complexity of FES.
I. INTRODUCTION
Iterative receiver processing for multiple-input, multiple-output (MIMO) transmission has been proposed as a very efficient way to achieve near-capacity and high-rate transmissions [1] .
However, the highly increased computational intensity of the iterative methods prevents current practical implementations from meeting the theoretical performance limits while also achieving the actual latency/area/energy consumption requirements. 2 and it is performed once per iteration, in contrast to the list SD approaches [1] where the tree search takes place only at the first iteration but the list size cannot be optimized easily to minimize the complexity without compromising the bit error rate (BER) performance.
In order to efficiently (in terms of number of visited nodes) perform the SD tree traversal the Schnorr and Euchner enumeration is typically employed [4] , according to which the nodes are visited in ascending order of their partial distance (PD) metrics. However, minimizing the number of visited or expanded nodes does not necessarily minimize the overall SISO-SD complexity. The additional computational effort required for reducing the number of visited nodes may significantly reduce, or even eliminate, the gains originating from the visited nodes reduction. Therefore, the number of visited or expanded nodes is not a sufficient complexity measure when comparing different enumeration methods since the computational effort devoted to their minimization is ignored.
The significance of the additional computational effort allocated to the visited nodes reduction is revealed in the context of non-iterative, soft-output SD (SO-SD). Schnorr-Euchner enumeration can be realized by calculating and sorting the PDs of all children nodes of an expanded parent one. This full enumeration and sorting (FES) is rather inefficient since it imposes the PD calculation of all children nodes, even if only a few of them will be actually visited.
Additionally, it requires a hardware expensive and energy consuming sorting over all children nodes. In order to avoid FES but still preserve the corresponding reduction on the number of expanded nodes, several less computationally intensive, approaches have been proposed [5, 6] .
They split the given QAM constellation into sub-constellations for which the search order can be efficiently calculated by employing simple geometrical properties. Such proposed methods split the high order QAM constellations into PSK-like [5] or PAM-like [6] sub-constellations. Then, the final visiting order is calculated by exhaustive search over the constellation subsets, resulting in a reduced number of redundant calculations, as well as a reduced sorting order. 
where H is the R M x T M complex channel matrix, 1 2 , ,..., Since, in principle, implementation of the optimal ML detector is not feasible iterative methods have been proposed which exchange soft information between the MIMO detector and the channel decoder and achieve near-capacity performance [1] . This soft information is typically expressed in terms of log-likelihood ratios (LLRs). Under the max-log approximation and under the assumptions of statistically independent interleaved bits and spatially transmitted symbols the MIMO detector computes the LLR value of k c as [1, 5] {
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being the channel-based part of the soft information, and
being the a-priori part of the soft information, which is always non negative. Additionally, Eq. (2) shows how the max-log LLR calculation can be reformulated into two minimization problems (i.e., hard output SDs) over the different symbol subsets (i.e., 
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A. Typical SISO-SD (T-SISO-SD)
Depth-first tree traversal with Schnorr-Euchner enumeration and radius reduction is assumed [5] .
The initial radius is assumed infinite and whenever a leaf is reached with its corresponding squared radius 
Replacing the exact prior value for the examined symbol with the minimum over the whole set of symbols results in
r calculation is the same as in the T-SISO-SD case, the number of expanded nodes is increased. However, as shown in Section III, the total required computations are decreased due to the complexity reduction per expanded node.
Additionally, instead of the full sorting per expanded node, T M minimization operations over
the S values of a-priori symbol information are only required. The Ch-SISO-SD is expected to work efficiently over the initial iterations, where the channel information is still dominant.
C. Prior-Information-Based SISO-SD (Pr-SISO-SD)
Whenever the calculated, incoming to the SD, bit reliability increases (this is typically observed over later iterations of a converging iterative scheme [7] ) the search order can be efficiently based on the a-priori information. In this case the nodes can be visited in ascending order of their Δ s which is already calculated for the pruning metric). However, the simulation results show that despite this additional complexity there are significant overall savings originating from avoiding FES.
D. Implementation Issues in a Flexible Receiver Architecture
In flexible receiver architectures, capable of performing trade-offs between the processing complexity and the provided BER performance, both SO (for the first iteration) and SISO-SDs shall be supported. Since no additional functionalities to the ones of the SO-SD (i.e., tree traversal, pruning process, ordering, sorting and PD calculations) the proposed approaches may share the same basic SD architecture without significant, additional implementation cost.
However, as already discussed in Sections II.C and II.D, they are characterized by complexity gains originating from the reduction of the needed sorting operations. In addition to these gains, Section III depicts the reduced processing needs of the proposed approaches, for PD plus pruning metric calculations, using the number of complex multiplications as an indicative measure.
III. SIMULATIONS
A 4x4 MIMO system is assumed operating over a spatially and temporally uncorrelated flat 
